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ABSTRACT The region of the Escherichia coli chromosome
coding for the mutD gene was cloned. mutD5 function resides on
a 1.2-kilobase fragment coding for a 28-kilodalton (kDa) protein.
A deletion end-point analysis shows that the presence of the 28-
kDa protein is required for mutD5 function and suggests that the
mutD functional region has sufficient capacity to code for a second
polypeptide of approximately 20 kDa. Plasmids carrying the mutD5
and mute alleles both produce the 28-kDa species. The product
of mutD5 is dominant when carried by single and multicopy plas-
mids. The product of mut+ is dominant only on multicopy plas-
mids. Thus, mutD5 exhibits negative complementation. We sug-
gest that the 28-kDa protein participates in a multimeric structure,
perhaps at the replication fork.

mutD is a dominant Escherichia coli mutator whose mutation
rate is under the control of thymidylate pools (1). All classes of
transition and transversion mutation rates and many frameshift
mutation rates are increased from 50- to 10,000-fold when mutD
strains are grown in rich broth or minimal medium supple-
mented with thymidine (2), whereas mutD strains grown in
minimal medium exhibit mutation rates only 10- to 10fold
higher than wild type. Six mutD alleles have been isolated and
studied (3). All are dominant, noncomplementing in trans, and
mutate at the same rate when grown in broth. Two, however,
do not respond to added thymidine. The function of the mutD
gene is otherwise unknown.

In this report we assign mutD function to a region of the ge-
nome approximately 1.2 kilobase pairs (kb) long. By comparing
the proteins encoded by this region to a set of exonuclease-con-
structed deletions, we show that the 1.2-kb segment codes for
at least one protein of 28 kilodaltons (kDa). We also show that
mutD5 exhibits negative complementation, acting as a domi-
nant gene when in the presence of a single mut+ copy but be-
having as an incompletely recessive gene in the presence of a
multicopy mute plasmid.

MATERIALS AND METHODS
Bacterial Strains and Plasmids. KH1213 (mut+) and KH1214

(mutD5) are E. coli K-12 derivatives of W3110 (3). JC1569 is
recA- and is described in ref. 4. CSR603 is an ultraviolet-sen-
sitive strain used in the maxicell method of Sancar et al. (5). 803
is supF recA met- and was obtained from K. Murray. pBR322
and pACYC177 were received from A. C. Y. Chang (4).
Enzymes and Biochemicals. Restriction endonucleases, T4

ligase, and the exonuclease Bal-31 were purchased from Be-
thesda Research Laboratories and New England BioLabs. They
were used according to the manufacturers' recommendations.
[35S]Methionine, approximately 1,000 Ci/mmol (1 Ci = 3.7 X

1010 becquerels), was purchased from Amersham.
Cloning Strategy. A Sau3A partial digest of KH1214 (mutD5)

DNA was sized on a sucrose density gradient. A fraction of ap-
proximately 5.0 kb was ligated into the BamHI site ofpACYC177,
and kanamycin-resistant transformants of JC1569 were se-
lected, purified, and grown to saturation in L-broth (2). Indi-
vidual cultures were then tested for mutator activity (3). Five
mutator-active (Mut-) clones were isolated by screening ap-
proximately 500 isolates. One, pREC31, was purified (6), di-
gested with EcoRI, and religated. The religated product, pDHI,
was digested with EcoRI and HindIII and subcloned into pBR322
that had been digested with EcoRI and HindIII. (The structure
of one such subclone, pEC66, is shown in Figs. 1 and 3.) With
knowledge of the restriction map in hand, pEC66 was used as
a probe to identify a 1.6-kb mut' fragment from an EcoRI di-
gest of KH1213 (mut+). The digest was separated on an agarose
gel and probed with nick-translated (7) pEC66 by the method
of Southern (8). The 1.6-kb region of a preparative agarose gel
was then isolated and ligated into the EcoRI site of the M13
phage vector mp8 (9). Subclones carrying regions homologous
to pEC66 were recognized by probing M13 plaques with nick-
translated pEC66. Replicative intermediates from one isolate
were cloned into pBR322 to yield pDH105, which was used to
obtain the results shown in Table 1 and Fig. 3.

Exonuclease Bal-31 Deletions. Two pEC66 preparations were
separately cut with EcoRI and HindIII and digested for various
lengths of time with sufficient Bal-31 to remove from a very few
to several thousand base pairs (bp) from both ends of the plas-
mid DNA. A typical reaction contained 20 ,g of cut plasmid
DNA in a 200-,ul reaction mixture containing 2.5 units of Bal-
31. Digestion was carried out at 30TC for a total of 180 min.
Samples were removed at 30, 60, 120, and 180 min, extracted
twice with buffered phenol, precipitated with two vol of ethanol,
resuspended in 1 mM Tris HGl, pH 8.0/0.1 mM EDTA, and
ligated with T4 ligase (see Fig, 1). These preparations were used
to transform 803. Transformants from each of the 30-, 60-,
120-, and 180-min Bal-31 digests were checked for mutator ac-
tivity. From this set a subset was chosen for further analysis (see
Fig. 2).

Labeling and Identifying Plasmid Protein Products. Various
pACYC177 and pBR322 derivatives were used to label plasmid-
coded proteins by the maxicell system described by Sancar et
al. (5) modified to include a cycloserine selection step (10). La-
beled cells were lysed and run on NaDodSO4/polyacrylamide
gels as described by Laemmli (11). Fixed and dried gels were
exposed at -70TC by the procedure of Bonner and Lasky (12)
with Kodak X-Omat AR film.

Abbreviations: kb, kilobase pairs; bp, base pair(s); kDa, kilodaltons; Mut-,
mutator-active phenotype; Mut', wild-type phenotype; CCCP, car-

bonylcyanide m-chlorophenylhydrazone.
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RESULTS
mutD5 and mut+ Clones. Several Mut- transformants were

recovered as inserts in pACYC177, confirming that mutD5 is
dominant (3). One, pREC31, was purified, digested with EcoRI,
and religated. A small plasmid preparation (13) isolated from a
Mut- transformant was then digested with EcoRI and HindIII
and cloned into an EcoRI/HindIII digest of pBR32%to yield a
Mut- ampicillin-resistant plasmid, pEC66. It contains a 1.6-kb
insert with a Mut- fragment from KH1214 joined at the original
Sau3A/BamHI junction to a 560-bp pACYC177 fragment (Figs.
1 and 2). With partial knowledge of the-pEC66 restriction map
available, a 1.6-kb fragment from an EcoRI digest of KH1213
(mut+) DNA was first cloned in bacteriophage M13 mp8 and
then subcloned into pBR322 as described. A restriction analysis
of this clone (pDH105) with BamHI, EcoRI, Acc I, and HinfI
gave a restriction map (data not shown) identical to that for the
mutD region of pEC66 shown in Fig. 2. Apparently the EcoRI
site at 1.6 kb on pDH105 is just to the right of the Sau3A/BamHI
junction of pEC66.

The mutation frequencies of various strains carrying mut+
and mutD5 on pBR322 are summarized in Table 1. These fre-
quencies were measured with strains grown in L-broth, where
the conditional mutator phenotype of mutD is maximally ex-
pressed (14). With mutD5 in trans, the mutation rate is ele-
vated several orders of magnitude, regardless of the allele on
the chromosome. However, when mut+ is on the plasmid and
mutD5 on the chromosome, mutation frequencies were de-
pressed to within 1 order of magnitude of a haploid wild-type
culture. Thus, mutD5 exhibits an almost completely recessive
phenotype on the chromosome in trans with mut+ on a mul-
ticopy plasmid. Many copies of the mut+ gene neither depress
nor elevate the mutation rate (Table 1, line 3).

Deletion Analysis. Bal-31-generated deletions extending from
the EcoRI site and from the HindIII site were isolated as de-
scribed in the legend to Fig. 1. Each deletion was then assayed
for mutator activity, and a subset was used to transform CSR603
for an analysis of gene products (Figs. 2-4).

The general result is that deletion end points from both ends
of the 2.1-kb insert ofpEC66 define a region of mutator activity
that is 1.1-1.2 kb long. The deletions extending from the HindIII
site (Fig. 2) can be divided unambiguously between mutator

and nonmutator clones, placing the right end of the mutator
function between the 1.3-kb BamHI site and the Acc I site. The
left end falls between the pDH45 and pDH53 endpoints and,
thus, lies within approximately 100 bp of the EcoRI site.
mutD and mut' Both Code for a 28-kDa Protein. [35S]Methi-

onine-labeled samples from CSR603 strains with and without
various plasmids were run on polyacrylamide/NaDodSO4 gels
(Fig. 3). Because the 28-kDa protein runs quite close -to the 29-
kDa &f-lactamase coded for by pBR322, samples were labeled
in the presence and absence of an inhibitor of membrane po-
larity. In the presence of CCCP, the precursor of 1-lactamase
is not processed (15) and separates convincingly from the 28-
kDa species.

The results summarized in Fig. 3 show that the 28-kDa pro-
tein is present in CSR603 strains carrying both the mut' and
mutD5 alleles. Sample wells loaded with CSR603 and CSR603
(pBR322) occasionally reveal a protein slightly smaller than 28
kDa (see, for example, Fig. 3, lanes c and d), but this protein
is always faintly labeled and clearly smaller than the 28-kDa
species.
mutD5 Function Is Correlated with the Presence of the 28-

kDa Protein. pDH deletions were examined by the maxicell
labeling procedure for the presence or absence of the 28-kDa
protein. The general result is that all Mut+ deletions extending
from the HindIII site lack the 28-kDa protein, whereas those
from the EcoRI site show variable behavior. The data for the
deletions that help define the left and right boundaries of the
mutator function are shown in Fig. 4. All of the deletions ex-
tending from the HindIl site that are Mut- also code for the
28-kDa protein. Some have lost the 1.3-kb BamHI site (pDH24,
26, 25), but all retain the Acc I site. The deletions that have lost
mutator activity invariably lack the 28-kDa protein. One, pDH1O,
lacks the 28-kDa protein and retains the Acc I site. Thus, the
right-hand terminus of mutator function must be between 1.1
and 1.3 kb on our map, consistent with the inference drawn
from the deletion set that the boundary lies between pDH6 and
pDH1O at 1.2 kb.

Deletions extending from the EcoRI site display a variety of
altered gel patterns. Both Mut- deletions shown in Fig. 4,
pDH49 and pDH45, code for the 28-kDa protein. Two Mut+
deletions appear to produce altered 28-kDa polypeptides,

-EcoRI

Hind I,, Bal 31

pACYC fragment

Im, Tet
Ligase

FIG. 1. Construction of deletions extending through the mutD'region. pEC66 was isolated as described. Deletions from the HindIHI site, shown
above, were constructed by incubating HindlII-digested pEC66 with exonuclease Bal-31 for various lengths of time, followed by ring closure with
T4 ligase. Deletions from the EcoRI site were constructed by the same procedure with an EcoRI-digested sample of pEC66. The HindII site is in
the tet promoter; tet and amp are the genes for tetracycline resistance and ampicillin resistance, respectively.
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FIG. 2. The mutD5 region of pEC66. pDH subclones of pEC66 were
purified, and small plasmid preparations (13) were used to transform
CSR603 for the maxicell analysis summarized in Fig. 4. Each prepa-
ration was cut with Pst I at the unique Pst I site in the amp gene (see
Fig. 1) and was sized by comparing the mobility on an agarose gel of
the cut DNA to an EcoRI/HindlI double digest of phage A DNA (4).
The 1.6-kb fiagment (in) came from KH1214 (mutD5), whereas the DNA
between the Sau3A/BamHI junction and the Hindml site (in) is from
pACYC177 (see Fig. 1). The length of each deletion, represented as a
heavy line, was estimated as half of the total amount ofDNA removed
by Bal-31 digestion (see Discussion). MutD5 means that the dominant
mutator phenotype is retained in a deletion; Mut+ (wild type) means
that it has been lost. pDH27 and pDH6 have the 1.3-kbBamHI site; all
other deletions longer than pDH27 extendingfrom theHindIl site lack
it. pDH clones 24, 26, 25, and 10 retain the Acc I site, whereas clones
30-36 on the HindIM side have lost it.

pDH53, coding for a 27-kDa polypeptide (which, however, may
correspond to a faintly labeled protein of this molecular mass
occasionally seen in this region of the gel), and pDH55, coding

Table 1. Mutation frequencies in mut+ and mutD5 strains
Mutation frequency

Genotype x 108 to*
Strain Chromosome Plasmid NalR RifR
KH1213 mut+ - 0.3 0.8
KH1214 mutD5 8,530 15,000
KH1265 mut+ mut+ 0.2 0.9
KH1266 mut+ mutD5 2,090 15,200
KH1267 mutD5 mut+ 11.2 47.2
KH1268 mutD5 mutD5 5,270 17,500

NalR, resistance to nalidixic acid; RifR, resistance to rifampicin.
* Frequencies of mutation to NalR and Rifa phenotypes are the average
of five individual determinations, each started from a mutant-free
inoculum. The cells were grown in L-broth. For additional details, see
ref. 3. The plasmids carried by KH1265, KH1266, KH1267, and
KH1268 were pDH105, pEC66, pDH105, and pEC66, respectively.

31 kDa

28 kDa

MutD5

A__

a b c d e f g h
_ + _+-_ + - + CCCP

FIG. 3. mutD5 and mut' plasmids code for a 28-kDa protein. [35S]-
Methionine was used to label cells carrying various plasmids by the
procedure of Sancaretal. (10). Labeled cellswere lysed, electrophoresed
in 12% acrylamide gels, and exposed to x-ray film. Just before the la-
beling step, each sample was divided in half One-half was incubated
for 5 min with 20 pIcarbonylcyanide m-chlorophenylhydrazone (CCCP)
before adding the [3S~methionine. This step prevents processing of the
pre-,-lactamase (15) and makes the 30-kDa region of the gel easier to
interpret. Gels were calibrated with '4C-labeled protein standards; the
molecular masses of pre-3-lactamase and 3-lactamase are 31 kDa and
29 kDa, respectively (16, 17). The calculated molecular mass of the 28-
kDa species is 27.9 + 0.8 (n = 5). Lanes: a, CSR603; b, CSR603 with 20
MM CCCP; c, CSR603 (pBR322); d, CSR603 (pBR322) with 20MM CCCP;
e, CSR603 (pEC66 mutD5); f, CSR603 (pEC66 mutD5) with 20 pM CCCP;
g, CSR603 (pDH105 mut+); h, CSR603 (pDH105 mut+) with 20 pM CCCP.

for two new polypeptides of about 27 kDa and 26 kDa (not well
resolved in Fig, 4). Neither pDH59 nor pDH47, although Mut+,
seem to code for an altered 28-kDa product, although very small
changes in molecular weight cannot be detected in these gels.
These two plasmids represent the only cases in which the loss
of mutator activity is not paralleled also by an easily detected
loss or alteration of the 28-kDa protein.

DISCUSSION
Our results identify a region of approximately 1,200 bp with
both mutD5 function and a 28-kDa protein. The fact that mutD5
is dominant allowed us to correlate the disappearance of a gene
product with a series of roughly ordered deletions. Although it
is clear that a hierarchy of deletion end points can readily be
constructed (Fig. 2) there is ambiguity in this method because
Bal-31 does not necessarily digest both ends of double-stranded
DNA at the same rate (18). Nonetheless, with the exceptions
of pDH6 and pDH27, the Mut-/Mut+ borders at both ends of
the insert deduced by this method are consistent with the BamHI
and Acc I restriction map and with the protein labeling pat-
terns. This consistency argues that the deletion size and order
inferred by these methods is sufficiently precise to locate the
mutator boundaries within 100 bp.
We have presented the data in Fig. 4 in the order consistent

with the deletion map shown in Fig. 2. However, the order of
pDH53, -59, -55, and -47 is arbitrary because they differ from
each other by no more than 50 bp. We cannot reliably make
distinctions at this level. The fact that pDH53 may code for a
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FIG. 4. Deletions across the mutD boundaries. The deletions in Fig. 2 were examined in the maxicell system. Only those crossing the Mut-/
Mut' boundaries are shown here. The numbers under each lane correspond to pDH clone numbers in Fig. 2. pDH55 codes for two new polypeptides,
not clearly resolved here, of -27 and -26 kDa. (Right) two control lanes, CSR603 (pEC66) and CSR603 (pBR322), respectively Mut- and Mut'.
CCCP was not used in these experiments, and the acrylamide concentration in the gel was 10%.

smaller polypeptide and that pDH55 clearly does so suggests
that the real order is (59,47), 53, and 55.

It is a striking fact that all Mut- deletions from the HindIII
site code for the 28-kDa protein. Those from the EcoRI site,
however, show more complicated gel patterns. Of the four Mut'
deletions shown here, pDH53 appears to code for a protein
smaller than 28 kDa, pDH55 codes for two proteins of ap-
proximately 27 kDa and 26 kDa, and two, pDH59 and pDH47,
code for a protein not detectably altered. These results suggest
that the promoter for the 28-kDa protein is proximal to the
HindIII site and that deletions extending from the EcoRI site
code for polypeptides lacking portions of their carboxyl ter-
minus. If this is so, pDH55 must be deleted in such a way that
a weak and a strong chain-terminating codon are created in
EcoRI-proximal DNA by fusion to the mutD5 insert. This inter-
pretation is consistent with our observation that all deletions
extending from the HindIII site show an abrupt transition be-
tween the presence and absence of the 28-kDa species because
we expect deletions extending into a promoter sequence to
abolish transcription. This interpretation of the results is con-
sistent with a recent finding in this laboratory that certain dele-
tions spanning the EcoRI site fuse a portion of the 28-kDa pro-
tein to the ,3lactamase gene product (unpublished data). Because
the 3-lactamase gene of pBR322 is transcribed counterclock-
wise relative to the EcoRI site (19), fusion products are ex-
pected only for the mutD orientation suggested here.
A protein of 28 kDa requires a coding region of approxi-

mately 750 bp. Because the maxicell system and one-dimen-
sional gels cannot be expected consistently to reveal every re-
gion coding for a polypeptide, it is always possible that an
additional protein of approximately 20 kDa is coded for in the
mutD region. Careful examination of many gels has not re-
vealed any differences between pBR322 and either mut+- or
mutD5-encoded proteins in the 20-kDa region, however. If such
a cistron exists, the coding region would be proximal to the
HindIII site because it is the 28-kDa protein that is altered by
deletions from the EcoRI site.

In mutD strains, all classes of point mutations and many
frameshifts are elevated several orders of magnitude. Mutation
is closely tied to DNA replication (20). One explanation pro-
posed for these results is that the editing function of the DNA
replication complex is inhibited (20, 21) either (i) because mutD
interferes directly with the structure of the replication fork or
(ii) because the mutD product fails to repress the level of an
inhibitor of proofreading (20). Our results do not allow us to
distinguish between these two possibilities. We have shown that

mut+ and mutD5 both code for a 28-kDa protein in the maxicell
system. It is also clear that mutD5 is dominant when both mut+
and mutD5 are present in low copy number (3), yet incom-
pletely recessive when mut+ is carried on a multicopy plasmid,
thus reinforcing our view that the mutD5 product participates
in a multimeric structure. The proposed multimer could be a
component of the replication fork, the model favored by Deg-
nen (20), or, by analogy with lads mutations (22), part of a reg-
ulatory multimer containing the 28-kDa protein. The function
of the regulatory multimer would be to repress the synthesis
of a proofreading inhibitor. In mutD strains, the inhibitor would
be turned on. The most parsimonious explanation for the phe-
notype characteristic of mutD is clearly (i), and in this regard
it is worth noting that the promoter for the 28-kDa protein ap-
pears to be relatively strong, almost as strong as the pBR322-
coded .3lactamase promoter (Fig. 3). This would be a surprising
result for a repressor protein. Whatever the detailed mecha-
nism may be, thymidylate pools (1, 3, 14) turn on the high mu-
tation rate in mutD5 strains, and this fact must also be explained
by a satisfactory model for mutD action.

The phenotype characteristic of mutD is similar in several
respects to that of a strong mutator isolated by Horiuchi et al.
(23) and named dnaQ49. Both mutators map at 5 min on the E.
coli chromosome, are sensitive to 5-aminoacridine, and can be
suppressed by mutations in the nalA gene (20, 24; see Horiuchi
as quoted in ref. 25). However, the dnaQ49 mutation is re-
cessive (23) and exhibits a salt-dependent DNA elongation phe-
notype at 44.5°C (26). A dnaQ+ clone recently has been shown
to code for two proteins, a 21-kDa species that copurifies with
RNase H and a 25-kDa species that, when inactivated by y8
insertion, proves to be the dnaQ+ product (25). Given the very
similar map position and other phenotypes of mutD and dnaQ,
it is possible that the mutD and dnaQ mutations lie in the same
gene. The difference in complementation behavior of the two
would be explained if the dnaQ49 product is altered in such a
way that it cannot compete successfully with wild-type subunits
to form the multimer postulated above.
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